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E-mail addresses: tsoﬁm@gmail.com (A. Tsofe), hedAchromatic second-order (contrast) Mach bands can be perceived near the contrast ramp between two
contrast levels. In this study we show that a repertoire of chromatic second-order Mach bands is also
clearly perceived, under equal-luminance conditions (minimum motion technique). The results show
that chromatic and achromatic second-order stimuli yield signiﬁcant perceived second-order Mach
bands, with approximately the same relative magnitude. At high spatial frequencies the effect is more
prominent for achromatic second-order Mach bands stimuli than for chromatic second-order stimuli.
The effect of the chromatic second-order Mach bands is smaller for complementary pairs of colors than
for non-complementary pairs of colors. We suggest that the effect of second-order Mach bands is an
expression of the mechanism of second-order induction.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
The classical achromatic ﬁrst-order Mach bands effect is the
appearance of illusory bright and dark bands on each side of the
luminance gradient between two luminance regions (Mach,
1865; Ratliff, 1965). The mechanism that causes the classical Mach
bands effect (achromatic ﬁrst-order Mach bands) is regarded as yet
unknown in the literature. Different explanations and models have
been suggested that have aimed to predict the stimulus conditions
where the Mach bands effect is really perceived (Fiorentini, 1972;
Morrone & Burr, 1988; Morrone, Ross, Burr, & Owens, 1986; Pes-
soa, 1996; Pessoa, Mingolla, & Neumann, 1995; Ratliff, 1984; Ross,
Holt, & Johnstone, 1981; Ross, Morrone, & Burr, 1989).
Pessoa (1996) divided the Mach bands models into three clas-
ses: (a) feature-based models, based on operators such as even-
symmetry and odd-symmetry mechanisms (Tolhurst, 1972).
According to these models, the optimal edge detector response is
in the middle of the ramp, while the optimal bar detector is at
the inﬂection points. This approach was further supported by Rat-
liff’s (1984) results. (b) Rule-based models (convolution re-
sponses), whose speciﬁc rules, however, have not all been
justiﬁed (Kingdom & Moulden, 1992; Watt & Morgan, 1985). (c)
Filling-in models, which suggest that edges and lines are basic
primitives of early vision (Pessoa et al., 1995). Some of these mod-
els and explanations have been suggested, or challenged, by critical
stimulus conditions, such as the response to a Mach bands stimu-
lus as a step function (Morrone & Burr, 1988; Morrone et al., 1986;
Ratliff, 1965, 1984; Ross et al., 1981, 1989; Tolhurst, 1972).ll rights reserved.
va@eng.tau.ac.il (H. Spitzer).Lu and Sperling (1996) demonstrated a new Mach bands effect,
the achromatic second-order Mach bands effect. The stimulus con-
trast of Mach bands is built from textures with different luminance
contrasts, and is regarded as a second-order Mach bands effect. The
difference between the ﬁrst and second-order Mach bands effect is
that the second-order effect includes texture with identical aver-
age luminance of the two stimuli’s regions (Fig. 3 in: Lu & Sperling,
1996). The perceived second-order Mach bands are found with
approximately the same magnitude as the classical achromatic
ﬁrst-order Mach bands (Lu & Sperling, 1996).
Lu and Sperling (1996) tested two types of second-order Mach
bands stimuli, with two different textures: random pixels and
‘Mexican hats’ (which have a lower spatial frequency than the ran-
dom texture). The ‘Mexican hat’ stimuli yielded larger perceived
contrast effect. We wonder whether it is possible that the differ-
ence in the spatial frequency contributed to the signiﬁcantly differ-
ent responses. A previous study (Sagi & Hochstein, 1985)
demonstrated the existence of achromatic second-order Mach
bands, but in a grating step-function stimulus. They found that
the grating spatial frequency has to be above approximately
4 cpd in order to obtain the effect. Many additional luminance ef-
fects have been described in both the ﬁrst and second orders,
among them: the Chevreul effect (Lu & Sperling, 1996), the
Craik–O’Brien–Cornsweet effect (Lu & Sperling, 1996; Sagi & Hoch-
stein, 1985), the Grating induction (McCourt, 2005), the Hermann
grid effect and the Spillmann and Levine weaves effect (Hamburger
& Shapiro, 2009; Spillmann & Levine, 1971). Chubb and his
colleagues’ pioneer study of lightness and texture interactions
(i.e. contrast–contrast effects) introduced the role of background
contrast on the perceived contrast of the texture patch (Chubb,
Sperling, & Solomon, 1989).
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while examining the existence of the chromatic ﬁrst-order Mach
bands effect (Tsofe, Spitzer, & Einav, 2009). The novel paradigm,
of chromatic and achromatic regions with a saturation ramp be-
tween them, enabled the authors to demonstrate such an effect.
It has been shown that the chromatic Mach bands can be mani-
fested with a large repertoire of colors. Tsofe et al. (2009) showed
that both experimental and computational model results support
the suggestion that the chromatic Mach bands effect is a speciﬁc
case of the chromatic induction effect and mechanism. The chro-
matic region causes chromatic induction in the achromatic region.
Many achromatic visual effects of the ﬁrst and second orders
have been described. However, only a few chromatic visual mani-
festations of the ﬁrst and second orders have been presented.
Among the effects described are: the Hermann grid and the Spill-
mann and Levine weaves (Hamburger & Shapiro, 2009). In this re-
cent paper it has been shown that the variant of the Hermann grid
(Spillmann & Levine, 1971) yielded a second-order effect while the
Hermann grid did not yield a second-order effect. What about the
manifestations of these effects in color under iso-luminance condi-
tions? It has been shown that the effect variant of the Hermann
grid with weaves can be perceived with color under iso-luminance
conditions (Hamburger & Shapiro, 2009).
The adaptation effects (Induction effects) include the induction
of the ﬁrst and second orders. The induction effects are the simul-
taneous contrast and texture interactions which are the contrast–
contrast effects (D’Zmura and Singer, 1999; Singer & D’Zmura,
1994; Wesner & Shevell, 1992, 1994). In this study, we test the
possibility that the contrast–contrast induction mechanism gener-
ates a second-order Mach bands effect. This would be analogous to
the induction mechanism (simultaneous contrast) that seems to
cause the ﬁrst-order Mach bands effect (Barkan, Spitzer, & Einav,
2008; D’Zmura and Singer, 1999; Olzak & Laurinen, 1999, 2005;
Xing & Heeger, 2001).
We question, here, the existence of the chromatic second-order
Mach bands effect. In addition, we qualitatively test the proposed
mechanism that produces it by testing predictions of the achro-
matic second-order adaptation model (Barkan et al., 2008).2. Methods
2.1. Observers
For the quantitative test in equal-luminance conditions (mini-
mummotion technique), three males and three females (their ages
ranging from 23 to 38) were tested, individually. Five of the
observers were naive and one (co-author AT) was experienced.
All of the observers had normal (or corrected to normal) vision
and were tested for normal color vision with the ‘‘Ishihara test’’
for color blindness (Ishihara, 1989).2.2. Apparatus
The computerized ViSaGe stimulus generator (Cambridge Re-
search Systems, Cambridge, England) generated the stimuli and
controlled the experiments. A 2000 computer screen (Mitsubishi
Diamond Pro 2070SB) was used to display the stimuli.
In order to correctly present the different colors, we measured
the hues of the stimuli on the screen (using a Minolta CS-100 Col-
orimeter) while the screen was set to ‘‘white’’ (R = G = B = 255) and
adjusted to match the CIE equal-energy-white (E: x = y = 0.333).
The automatic gamma correction procedure of the ViSaGe stim-
ulus generator was performed on the monitor display (in a dark
room), for each phosphor separately, and for all of the phosphors
together. The inputs to the monitor were separated through BNCconnectors for each of the three guns R, G and B. In addition to
these BNC connectors there were two BNC connectors for H and
V inputs. The gamma correction procedure used the OptiCAL (Cam-
bridge Research Systems, Cambridge, England). The OptiCAL has a
guaranteed photopic error (F 01) of less than 3%, typically less than
2% (i.e., F 01 < 3%, typically <2%). F
0
1 is an indication of the accuracy
of how well the sensor matches the CIE photopic curve.
The ViSaGe stimulus generator enabled us to reduce spatial
inhomogeneities of the display. It allowed us to perform spatial
Gamma corrections due to the local luminance measurements by
the OptiCAL, at different locations on the display, according to
the user’s choice (in our calibration we chose a center patch).
The ‘Color Viewer’ (option within the software of the Cambridge
Research Systems ViSaGe stimulus generator) was used to test the
validity of the luminance calibration. The luminance and the stim-
ulus’s chromatic properties were measured from the screen
(Minolta CS-100). The ViSaGe stimulus generator generates a patch
(according to the user’s choice) using the same area over which the
calibration was previously performed to display the selected point
in the ‘Color Space’. This test patch was also measured with a
Minolta colorimeter (CS-100) to verify the validity of the automatic
calibration.
According to these measurements, we changed the Gamma cor-
rection of the screen to achieve approximated linearity. A look-up
table adjusted any remaining non-linearities. This adjustment re-
lied on a previous study (Bohnsack, Diller, Yeh, Jenness, & Troy,
1997), which showed that the chroma and the intensity of the
screen are a reﬂection (of at least 99.4%) of the summed values
of the three phosphors.2.3. Equal-luminance calibration
Observers were positioned with their eyes 100 cm from the
monitor. Each observer did a calibration of equal-luminance across
three cardinal colors and their complementary colors (Red, Green,
Blue, Cyan, Yellow, Magenta), along 16 chroma levels of each color
(each level was kept in iso-chroma, Eq. (1) using the ‘‘minimum
motion’’ method (Experiment 3 in: Anstis & Cavanagh, 1983).
(Complementary colors are colors that can be additively mixed to
produce an achromatic color.) For the apparent motion conditions
we used the four-stroke cycle in cycling rate of 15 Hz (Experiment
3 and Fig. 1 in: Anstis & Cavanagh, 1983). The ﬁrst and the third
frames were built from a grating of chromatic and achromatic bars.
The second and forth frames were interleaved gratings of the chro-
matic and achromatic bars. Each grating (in each frame) was dis-
placed sideways by one-quarter cycle (half a bar width) from its
predecessor (Supplementary data). The chromatic/achromatic
grating was built from chromatic and achromatic bars and their
spatial frequencies were 1, 2, 3, 5, 10 and 15 cycles per degree.
These spatial frequencies have been chosen in order to be the same
as the spatial frequencies of the second-order Mach bands stimuli.
The size of the grating was the same size as the Mach bands stim-
uli, i.e., 7 by 8.
Each observer was requested to report the direction of motion
until it appeared steady with ‘no motion’. This report caused a
change in the luminance of the chromatic bars of the grating while
the achromatic bar remained steady with a luminance of 40 cd/m2.
The adjusted luminance of each chromatic stimulus region is equal
to the perceived luminance of the same achromatic stimulus re-
gion (with a luminance of 40 cd/m2).
The results of this calibration were organized as a look-up table
in order to insure that the stimuli and matching patches are kept
under equal-luminance conditions. Each observer‘s individual
look-up table was built from 96 equal-luminance hues (16 chroma
levels for each of the 6 colors). Following the ’minimum motion’
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each observer separately for each spatial frequency.
The chroma was calculated as follows (Wyszecki & Stiles, 1982;
p. 168):
Chroma ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðuÞ2 þ ðvÞ2
q
ð1Þ
where u equals u0 and v denotes 1.5  v0.2.4. Stimuli
The size of the stimulus was 7 by 8 (Fig. 1A). The spatial width
of the chromatic contrast ramp between the regions in all of the
Mach bands stimuli was 1. The stimuli were presented on a black
background, while the room was completely darkened, 0.1 cd/m2.
Pilot experiments on much smaller stimuli, 3 by 3.2, were also
performed. This was done in order to both ﬁnd the optimum stim-
ulus and to evaluate the spatial range of the effect.
The chromatic second-order Mach bands (contrast–contrast
stimulus) consist of two regions with different chromatic contrasts,
which have a ramp contrast modulation between them. Each re-
gion consists of two hues with identical chroma, in equal-lumi-
nance conditions (Section 2.3), but with different levels of
chromaticity in each of the two regions, Fig. 1A.
The second-order stimulus has a random texture and is ran-
domly chosen from a pair of hues from the pre-calibrated equal-
luminance and iso-chroma look-up table. The size of the spatial
kernel is decreased as a function of an increase in the spatial fre-
quency. The contrast ramp constituted the linear chroma increase
from the low chromatic contrast region to a high chromatic con-
trast region, Fig. 1B (similar to Fig. 2D and Eq. (4) in: Lu and Sper-
ling (1996)). The chroma distance was calculated according to the
Euclidian distance of the speciﬁc chromaticity point from the
White point (in the CIE 1976 (u0, v0) – chromaticity diagram). Each
chromatic second-order Mach bands stimulus was built under
equal-luminance conditions (using ‘minimum motion’ results that
have been included in the look-up table).
Fifteen sets of chromatic second-order Mach bands stimuli were
designed by creating every possible pair of colors, from the six col-
ors: Red, Green, Blue, Cyan, Magenta, and Yellow. The ﬁrst three
colors are the cardinal colors and the remaining three colors are
their complementary colors. All 15 sets of stimuli were formed at
every one of the six different spatial frequencies. Each of the sixFig. 1. An example of the experimental chromatic second-order Mach bands stimulu
experimental procedure, which includes the matching patches (above and below each o
the matched perceived contrast at each of the six locations, with the upper and lower m
Mach bands stimulus. Each of the stimulus’ regions was built under equal-luminance con
color in this ﬁgure, the reader is referred to the web version of this article.).colors in the equal-luminance calibrated table was built from 16
chroma levels (Table 1, Section 2.3). Each chromatic stimulus
was built from only 10 chroma levels. This was done in order to en-
able the observer to express his perceived chromatic contrast ef-
fect. The perceived chromatic contrast effect might be stronger or
weaker than the maximum or minimum physical contrast. The 6
additional chroma levels enabled the observer a wider chromatic
dynamic range than the physical stimulus. The achromatic sec-
ond-order Mach bands stimulus was determined similarly to the
method used by Lu and Sperling (1996) in their study of fullwave
randomized kernels (in accordance with the relevant spatial fre-
quency). The stimulus was presented on only about half of the area
of the monitor. It was centered in order to reveal fewer spatial
inhomogeneities of the monitor.2.5. Procedure
Each of the observers performed six blocks of trials (on different
days). These trials consisted of viewing 15 sets of chromatic sec-
ond-order Mach bands stimuli (Table 1) and viewing one achro-
matic contrast stimulus, for each of the 6 spatial frequencies.
Each block of trials was performed four times, while the order of
the speciﬁc Mach bands was randomized. Within each speciﬁc
Mach bands stimulus procedure, all of the six possible locations
of the matching patches (Fig. 1A, bottom row) were randomly
tested. There were 24 repetitions for each condition (stimulus pair
of colors/matching patches location/spatial frequency) and for each
observer. A black screen was presented between trials for 1 s.
The chromatic contrast was matched with two small patches
above and below the stimulus, at six spatial locations, Fig. 1A, bot-
tom row. The test patch size was 1 by 1.2, Fig. 1A. Matching was
performed using a response box (CB6, Cambridge Research Sys-
tems). The observers were instructed to only look at the region be-
tween the two matching patches. The observer was required to
perform the matching using two keys in the response box to
choose the appropriate chromatic contrast in the relevant pair of
colors. The matching patches had the same random noise texture
as the stimulus with the relevant spatial frequency, and the same
couple of hues as the stimulus. The initial chromatic contrast of
the pair of colors of the matching patches was randomized from
the 16 possible chroma levels (Section 2.3). The observer was able
to use either the upper or the lower test patch to perform the
matching. The chromatic contrast of both the upper and lowers. (A) The chromatic second-order Mach bands stimulus is presented with the
f the randomly chosen locations, 1–6, marked on the x-axis). The observer adjusted
atching patches. (B) The chromatic contrast proﬁle of the chromatic second-order
ditions. The width of the ramp region was 1 (For interpretation of the references to
Table 1
The CIE 1976 (u0 , v0) values of the equal-luminance and iso-chroma of the chromatic
Mach bands stimuli. (L, equal-luminance was pre-calibrated by each observer,
individually, for 16 chroma levels in six different spatial frequencies).
Color Highest chromaticity Lowest chromaticity
u0 v0 u0 v0
Green 0.143 0.541 0.190 0.494
Magenta 0.278 0.407 0.231 0.453
Yellow 0.204 0.568 0.209 0.503
Blue 0.217 0.379 0.213 0.445
Cyan 0.129 0.467 0.181 0.471
Red 0.305 0.481 0.240 0.476
Table 2
A demonstration of the results of t-test for three samples of the perceived chromatic
stimuli. The data points present the results across all observers, for spatial frequency
1 cpd. All of these statistical values of the perceived contrasts which were yielded
from patches located between neighboring spatial locations, are statistically signif-
icant at the 0.005 level.
Spatial locations p-Value t-Value
Red–Cyan
1 and 2 0.7662 0.2979
2 and 3 6.8912e45 20.7121
3 and 4 1.507e152 134.7222
4 and 5 1.6884e28 13.9651
5 and 6 0.2035 1.2775
Red–Green
1 and 2 0.2948 1.0514
2 and 3 1.5035e41 19.2565
3 and 4 5.271e202 299.6657
4 and 5 5.6583e58 26.9838
5 and 6 0.4765 0.7138
Blue–Yellow
1 and 2 0.9072 0.1168
2 and 3 2.5591e20 10.8248
3 and 4 2.264e190 248.3887
4 and 5 1.1345e09 6.5188
5 and 6 0.6317 0.4803
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The entire repertoire of possible chosen matching pairs was taken
from the preset of 16 chroma levels, which was built from hues
with equal-luminance and iso-chroma, individually for each obser-
ver. The chromatic second-order Mach bands are expected to be
perceived at locations 3 and 4 (Figs. 1A and 3 in: Lu & Sperling,
1996). The matching patches location was also randomized within
trials. No time limit was given for the matching task.
2.5.1. Estimated perceived measure for the illusory effect
The magnitude of second-order Mach bands has been calculated
as the ratio of the elevation (or the reduction) of the perceived con-
trast relative to the relevant physical contrast, i.e. the Mach band
on the high contrast side the high contrast of the stimulus is taken
as reference, and the low contrast for the low contrast Mach band
(Lu & Sperling, 1996). The chromatic contrast is the euclidean dis-
tance between the two relevant colors (in the CIE 1976 (u0, v0) –
chromaticity diagram). These two colors were calibrated in
equal-luminance conditions.
3. Results
All six observers reported seeing the low chromatic contrast
band on the low chromatic contrast region adjacent to the ramp,
and the high chromatic contrast band on the high chromatic con-
trast region (Fig. 2, Table 2). Fig. 2 demonstrates the signiﬁcant in-
crease in perceived chromatic second-order Mach bands for all of
the observers, in two examples from the variety of 15 tested
chromatic second-order Mach bands stimuli (Table 1, Methods).
Each point in Fig. 2 represents a population of 24 data points re-Fig. 2. Two examples, (A) Red–Cyan and (B) Red–Green, of the perceived chromatic contr
Mach bands stimulus locations, across all the six observers. The perceived chromatic cont
of the area adjacent to the ramp region of high contrast. The perceived chromatic contras
to the ramp. (For interpretation of the references to color in this ﬁgure legend, the readpeated in each experimental condition by each observer (Meth-
ods). All of the differences between perceived contrasts at Mach
bands and matched contrast at the neighboring points are statisti-
cally signiﬁcant at the 0.005 level (t-test, Table 2), across all of the
Mach bands stimuli (including all of the tested spatial frequencies)
and across all six observers (Methods, Table 2). The t-test aimed to
examine whether the data points belong to the population of per-
ception of the ‘‘simple’’ physical contrast (locations 1, 2 or 5, 6,
Fig. 1B) vs. the other possibility that the data points belong to
the population of perception of the perceived ‘‘enhanced contrast’’
i.e., Mach bands effect (locations 3 or 4, Fig. 1B). The magnitude of
the effect was calculated due to the relative chromatic contrast of
the color pair (Methods, in Section 2.5.1). It was calculated here for
each observer separately and for all of the chromatic pairs.
The spatial properties of the Mach bands effect have been tested
on both chromatic and achromatic stimuli (over all 15 different
stimuli, Table 1) through testing the magnitude of the effect
(Methods, in Section 2.5.1) at six different spatial frequencies, 1–asts yielded from two chromatic stimuli pairs with spatial frequency 1 cpd, at all the
rast obtained is larger than the physical chromatic contrast (black), on the right side
t is smaller than the physical chromatic contrast on the low contrast region adjacent
er is referred to the web version of this article.)
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small, the variance was small among observers and across the dif-
ferent Mach bands stimuli. In addition, it can be clearly seen that
the curves yielded from the chromatic and achromatic Mach bands
have different characteristics. The peak of the perceived achro-
matic Mach bands is at a much higher spatial frequency than the
peak of the chromatic Mach bands. In order to examine whether
this is true statistically, we examined whether it is possible that
the peak occurs at 5 cpd for both the chromatic and achromatic
curves. In order to examine this, we tested whether the peak data
point is signiﬁcantly different than the adjacent points for the
chromatic and achromatic curves. The results showed that the data
point of the achromatic curve at 10 cpd does not belong to the
same population as data points at 5 cpd (p = 0.00473, t-test). The
results also showed that the data points of the magnitude of the
chromatic curve in 1 cpd does not belong to the same population
as data points in 5 cpd (p = 0.0822, t-test).
We chose to present the results of the second-order chromatic
Mach bands separately, as complementary and non-complemen-
tary stimuli sets. The rationale behind this decision is that the
non-complementary stimuli consisted of two colors whose addi-
tive mixture is not achromatic. This stimuli set, therefore, can lead
to ﬁrst-order induction in addition to the second-order induction.
The Mach bands stimuli, which consisted of non-complementary
colors, showed signiﬁcantly larger perceived second-order Mach
bands than the stimuli that were composed of complementary
colors, mainly at spatial frequencies ranging from 5 cpd (p =
4.6517e04, t-test) to 10 cpd (p = 0.0148, t-test), Fig. 3. It is possi-
ble that the reason that this effect occurs is that the ﬁrst-order
induction is also expressed in addition to the second-order mech-
anism, as would be expected (see above). For example, in the case
of a second-order Mach bands stimulus consisting of ‘‘reddish’’ and
‘‘greenish’’ (ﬁrst and last row in Table 1) the mixture of these two
colors is ‘‘yellowish’’. The perceived color of the Mach band, in this
case, observed on the low contrast region has lower contrast and aFig. 3. The role of spatial frequency in the chromatic and achromatic second-order Mach b
reduction) of the perceived contrast relative to the relevant physical contrast. Each data p
all of the observers, separately, for the achromatic stimuli (black curves), complementary
triangle data point presents the Mach bands which have been yielded adjacent to the
adjacent to the low contrast region, at both the chromatic and achromatic curves. Note
maximum at much higher spatial frequencies than the peak of the chromatic secon
interpretation of the references to color in this ﬁgure legend, the reader is referred to th‘‘bluish’’ hue (which is complementary to the yellowish averaged
color).
4. Discussion
We present here the novel chromatic second-order Mach bands
effect (chromatic second-order Mach bands), under equal-lumi-
nance conditions. The new chromatic effect has been demonstrated
to be statistically signiﬁcant (Methods, Table 2) on 15 pairs of colors,
containing both complementary and non-complementary colors.
Nonetheless, the effect for the chromatic second-order Mach bands
is stronger for non-complementary colors than for complementary
colors (Fig. 3). The effect was signiﬁcant across all of the observers,
for all of the stimuli (Table 2). We examined the role of the stimu-
lus’s spatial frequencies in the illusory effect. The peak of the per-
ceived achromatic Mach bands is at much higher spatial
frequencies than the peak of the chromatic Mach bands, Fig. 3.
In order to compare the chromatic second-order Mach bands ef-
fect with the previous achromatic effect (Lu & Sperling, 1996), we
also tested the achromatic second-order Mach bands effect across
different spatial frequencies. It has been found that the maximum
magnitude of the effect of 5.8% has been found for achromatic
second-order Mach bands, at about 10 cpd, Fig. 3. The maximum
magnitude of the effect of 4–5% has been found for chromatic
second-order Mach bands, at 1 cpd.
Our achromatic results were in general agreement with the
magnitude of perceived achromatic second-order Mach bands ob-
tained by Lu and Sperling (1996). They found that the average
magnitude of the measured perceptual Mach bands (relative to
the neighboring plateaus of both high and low level contrasts)
was about 3.4% and 5.4% for the two kinds of fullwave stimuli (ran-
dom noise and ‘Mexican hat’). Note that the ‘Mexican hats’ stimu-
lus has lower spatial frequency than the random texture. Our
results for achromatic second-order Mach bands show a similar
range of magnitude (5.2% for 15 cpd and 3.2% for 5 cpd). However,ands effects. The Y ordinate indicates the percent of the ratio of the elevation (or the
oint is obtained from the average of all of the obtained perceived Mach bands across
color (red) and non-complementary color (green) stimuli. The upper vertexes of the
high contrast region, while the bottom vertexes present the Mach bands yielded
that the peak of the perceived achromatic second-order Mach bands (black) is at
d-order Mach bands (red and green). The error bars present the variance. (For
e web version of this article.)
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cies, which show that the peak magnitude has been obtained for
stimuli with 10 cpd, Fig. 3.
The results of the chromatic second-order Mach bands stimuli
showed a somewhat similar range of effect to that of the achro-
matic second-order stimuli, approximately 5–6%. The maximum
perceived contrast obtained occurs at much smaller spatial fre-
quency for the chromatic second-order Mach bands in comparison
to the effect of achromatic contrast stimuli, Fig. 3. Different spatial
frequency sensitivity is expected for the chromatic and achromatic
systems (Granger & Heurtley, 1973; Fig. 4.29 in: Valberg, 2005).
The peak of the contrast sensitivity of both the Red–Green and
Blue–Yellow pathways is below 1 cpd while the peak of the con-
trast sensitivity of the achromatic pathway is below 10 cpd (Gran-
ger & Heurtley, 1973; Fig. 4.29 in: Valberg, 2005). Although the
peak sensitivity of the achromatic effect was found at 10 cpd, the
peak of magnitude of contrast Mach bands of the chromatic and
achromatic stimuli yielded a similar trend of results. These results
are also not in disagreement with the previous results of achro-
matic contrast–contrast stimuli disk (Fig. 10 in: Cannon & Fullenk-
amp, 1991).
We found that the Mach bands stimuli, which consisted of non-
complementary colors, showed signiﬁcantly larger perceived con-
trast than the responses to stimuli that were composed of comple-
mentary colors. This was mainly at spatial frequencies ranging
from 5 cpd to 10 cpd, Fig. 3. There is almost no difference between
the complementary and non-complementary results, at the high
spatial frequencies. This is probably due to the smaller area of
the homogeneous color at the stimuli with high spatial frequen-
cies. The contribution of the size of the chromatic area is critical
to the expression of the ﬁrst-order adaptation (Spitzer & Barkan,
2005; Wesner & Shevell, 1992, 1994).
A previous study showed that the average magnitude of the
perceived chromatic Mach bands of the ﬁrst-order (under
equal-luminance conditions) was 5.0% (Fig. 12 in: Tsofe et al.,
2009). This magnitude is similar to that obtained from the average
perceived magnitude of the classical achromatic ﬁrst-order Mach
bands (Lu & Sperling, 1996). Consequently, we might conclude that
both chromatic and achromatic Mach bands effect, from both the
ﬁrst and the second order, have similar magnitude range. However,
it appears that the effect derived from the second-order is higher at
the higher contrast level of the Mach bands stimulus (Fig. 3; Table
1 in: Lu & Sperling, 1996).
Weshowedhere that theperceivedcontrast adjacent to theMach
bands ramp appears with stronger contrast than as would appear in
void, whereas the low chromatic contrast of the other stimulus re-
gion appears with lower contrast adjacent to the ramp (Fig. 2). Sim-
ilar dual effects of facilitation and suppression of the contrast–
contrast effect have been found (Barkan et al., 2008; Spitzer & Bar-
kan, 2005; Xing & Heeger, 2001). In other words, the perceived con-
trast is enhanced (between the surface and its context). D’zmura and
Singer (D’zmura & Singer, 1999; Singer & D’zmura, 1994) character-
ized the chromatic and spatial properties of the suppression con-
trast–contrast effect. The similarity of the main properties of
contrast–contrast effect and Mach bands of the second-order led
us to examine the possibility that theMach bands effect is a speciﬁc
case of the general effect of contrast–contrast induction. In order to
test this suggestion computationally, we need to test the prediction
of chromatic Mach bands due to the model of induction of the sec-
ond-order. However, we have a model, at this stage, only for achro-
matic second-order adaptation (Barkan et al., 2008).
The model for contrast–contrast induction (the second-order
induction) (Barkan et al., 2008) describes the transformation of
the visual stimulus into the response of post-retinal second-order
opponent receptive ﬁelds (SORFs). These SORFs, which refer to cor-
tical levels, have various spatial resolutions. The main core of themodel is the dependence of the SORFs on their context contrast,
at all the spatial scales. In other words, the context contrast is con-
sisted also of SORFs structure, and thus has a similar structure as
the double opponent receptive ﬁelds (which coding chromatic tex-
ture. The gain is calculated as the ratio of the local and remote con-
trasts. The adaptation mechanism plays a role as a contrast gain
control. In order to evaluate the performance of the computational
model, a transformation of the adapted SORF cells’ responses to a
perceived image in a standard intensity space is performed. This
model showed its ability to predict both the suppression and the
facilitation of the induction effect of the second-order (Barkan
et al., 2008). The model predicts the lower and the higher per-
ceived contrast adjacent to the two relevant contrast regions, for
the achromatic second-order Mach bands (preliminary results).
In the literature, several designated models have been sug-
gested solely in order to predict the Mach bands effect (Burr &
Morrone, 1994; Lu & Sperling, 1996; Morrone & Burr, 1988; Mor-
rone et al., 1986; Ratliff, 1984; Ross et al., 1981, 1989; Tolhurst,
1972; Watt & Morgan, 1985). Many of these models aimed to pre-
dict the stimulus conditions where the Mach bands effect is really
perceived and referred also to conditions where the effect has not
been perceived. Among these models are the odd- and even-sym-
metry detectors (similar to simple cortical receptive ﬁelds) which
have been elaborated to local energy operators (Morrone & Burr,
1988; Pessoa, 1996; Ratliff, 1984; Ross et al., 1989; Tolhurst,
1972). These studies aimed to overcome the absence of the Mach
bands effect at a step function.
More recently, several compound computational models have
been developed for modeling a large repertoire of brightness ef-
fects (Kingdom & Moulden, 1992; McArthur & Moulden, 1999;
Watt & Morgan, 1985). Among these brightness effects is the clas-
sical Mach bands effect. We believe that this approach, of attempt-
ing to refer to a compound model which can supply a single
mechanism for many effects, is preferable to supplying multiple
models for each effect separately.
None of the above models, considered in their original form, can
account for second-order stimuli, including our novel Mach bands
stimuli. A ﬁrst-order model that can predict luminance changes (or
color changes) for ﬁrst-order Mach bands, will yield zero response
to the second-order Mach bands (Spitzer & Barkan, 2005; Barkan
et al., 2008). It will yield zero response, since stimuli of the second
order do not contain homogeneous stimulus area, which is re-
quired for the induction effects of the ﬁrst order. We cannot con-
ceive of a simple way of shifting the compound models, to
include the interpretation rules that relate mainly to brightness
levels, and which do not account for context and contrast–contrast
effects (Kingdom & Moulden, 1992; McArthur & Moulden, 1999;
Watt & Morgan, 1985). In addition, none of these models refers
to the chromatic effects. D’Zmura and Singer (1999) suggested con-
trast gain control which aimed also to predict the achromatic sec-
ond-order Mach bands.
We would like to emphasize that the model which describes
contrast–contrast effects (Barkan et al., 2008) is capable of predict-
ing many second-order adaptation visual effects, such as contrast
induction, assimilation effects, White’s effect and the achromatic
second-order Mach bands effect. Thus, it appears as a generic
mechanism for adaptation of contrast–contrast effects. The effects
of the second-order, such as the Craik–O’Brien–Cornsweet effect,
the Hermann grid effect and the Spillmann & Levine weaves effect
(Hamburger & Shapiro, 2009; Spillmann & Levine, 1971) are not
necessarily ruled by the same mechanism.
Thus, it appears that the effect of second-order Mach bands is
an expression of an induction mechanism of the contrast–contrast
effect. Preliminary results showed that a contrast–contrast induc-
tion model (Barkan et al., 2008) can predict both facilitation and
suppression, as shown in the two bands of the Mach bands effect.
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